Neuromelanin (NM) isolated from the substantia nigra region of the human brain was studied by scanning probe and photoelectron emission microscopies. Atomic force microscopy reveals that NM granules are comprised of spherical structures with a diameter of Ϸ30 nm, similar to that observed for Sepia cuttlefish, bovine eye, and human eye and hair melanosomes. Photoelectron microscopy images were collected at specific wavelengths of UV light between 248 and 413 nm, using the spontaneous-emission output from the Duke OK-4 free electron laser. Analysis of the data establishes a threshold photoionization potential for NM of 4.5 ؎ 0.2 eV, which corresponds to an oxidation potential of ؊0.1 ؎ 0.2 V vs. the normal hydrogen electrode (NHE). The oxidation potential of NM is within experimental error of the oxidation potential measured for human eumelanosomes (؊0.2 ؎ 0.2 V vs. NHE), despite the presence of a significant fraction of the red pigment, pheomelanin, which is characterized by a higher oxidation potential (؉0.5 ؎ 0.2 V vs. NHE). Published kinetic studies on the early chemical steps of melanogenesis show that in the case of pigments containing a mixture of pheomelanin and eumelanin, of which NM is an example, pheomelanin formation occurs first with eumelanin formation predominantly occurring only after cysteine levels are depleted. Such a kinetic model would predict a structural motif with pheomelanin at the core and eumelanin at the surface, which is consistent with the measured surface oxidation potential of the Ϸ30-nm constituents of NM granules.
N euromelanin (NM) is a naturally occurring pigment in the human central nervous system that has received much attention in recent years because of its role in the selective neuronal loss associated with Parkinson's disease (PD). NM is found in highest concentration in catecholaminergic neurons of the substantia nigra (SN) and locus coeruleus regions of the human midbrain (1) (2) (3) . An observable amount of NM begins to appear in humans at Ϸ3-5 years of age and increases steadily thereafter (4, 5) . With the onset and progression of PD, the concentration of NM decreases rapidly as pigmented dopaminergic neurons are selectively degraded while nonpigmented neurons are mostly spared (6) . A direct, causal link between NM concentration and neuronal vulnerability has not yet been demonstrated, although several hypotheses exist (7) (8) (9) . In the regions of highest neuronal loss, namely the SN, studies have shown an increase in iron levels in the late stages of PD (10) . Based on these observations, NM's role in avidly chelating redox-active metal ions, toxic organic compounds, and free radicals would serve as a protective role (11) (12) (13) . Neurons that produce catecholamines (dopamine, norepinephrine, etc.) are known to experience a high oxidative load because of the synthetic pathway of their respective signaling molecules (14, 15) . As a result, the synthesis of NM is hypothesized to be the result of the cell's defense mechanism against high oxidative stress. On the other hand, NM could become the source of free radicals and cytotoxic compounds upon degradation of highly pigmented neurons, thereby perpetuating a cycle of oxidative stress and neuronal loss (16, 17) .
This complex duality concerning NM's physiological functions forms the basis of our investigation into the oxidative capacity of NM. Several groups have shown through chemical degradation analyses that NM is composed of both eumelanic and pheomelanic components (18) (19) (20) (21) . In addition to pigment, NM isolated from SN contains an aliphatic component and a peptide component (3); together, these form the large, aggregated structures observed in electron micrographs. The melanic component has been shown to be composed of two classes of molecules in specific proportions: one is a benzothiazine-based molecule characteristic of pheomelanin that is formed through the incorporation of cysteine with dopamine that forms 20-25% of the total melanic component of NM; the other is an indole-based molecule characteristic of eumelanin that is believed to be formed through the oxidation of dopamine, forming the remainder of the melanic component of NM. The identification of dopamine and cysteinyl-dopamine as building blocks of NM lend support to its detoxifying role, preventing an otherwise toxic intraneuronal accumulation of these compounds.
The molecular architecture of a pigment containing both pheomelanin and eumelanin is not understood. In vitro studies of the rate constants associated with the initial steps of eu-and pheomelanogenesis reveal that formation of pheomelanin dominates as long as cysteine is present (22) (23) (24) (25) (26) (27) . Once the supply of cysteine is depleted, eumelanin would be produced. Given that 20-25% of the pigment in NM is pheomelanin, such a model would suggest that the molecular structure of the NM pigment has a pheomelanin core and a surface that is predominantly eumelanin in character.
The morphological organization of naturally occurring pigments from sources other than the human brain has been investigated in recent years. These pigments include melanin from the ink sac of the cuttlefish Sepia officinalis (28) , melanosomes isolated from human red and black hair (29) , and mela-nosomes isolated from bovine and human eyes (30, 31) . All of these melanosomes show a substructure of spherical constituents with diameters on the order of 30 nm, even though the size and shape of the fully aggregated melanosomes vary from sample to sample. Herein, our data confirm a similar substructure for NM.
In this study, we used photoelectron emission microscopy (PEEM) coupled to a free electron laser (FEL) as the light source to measure the ionization threshold for the surface of NM. There is a linear relationship between the measured ionization threshold and the surface oxidation potential (32) . One of the powerful aspects of this technique is its ability to distinguish between pheomelanin and eumelanin pigments. Using human hair melanosomes as a standard, we have established that eumelanosomes have a surface oxidation potential of Ϫ0.2 Ϯ 0.2 V vs. the normal hydrogen electrode (NHE) (33) . Pheomelanosomes from human hair contain a mixture of eumelanin and pheomelanin, and this is reflected by two threshold potentials, Ϫ0.2 Ϯ 0.2 and ϩ0.5 Ϯ 0.2 V, corresponding to the two pigments, respectively. Because FEL-PEEM is a surface technique, with penetration depths on the order of a few nanometers into organic materials, the pheomelanosome result indicates that both pigments can be found on or near the surface of the melanosomes.
Based on kinetic experiments discussed in detail later, there is good reason to hypothesize that the synthesis of NM will result in spatially heterogeneous structures comprised of a pheomelanin core that is encapsulated in eumelanin. FEL-PEEM can directly test this concept through its ability both to probe only the region near the surface of the granule and to distinguish eumelanin from pheomelanin.
Results
Imaging. Isolated, dried NM samples of the SN from a human brain were imaged by using both scanning electron microscopy (SEM) and atomic force microscopy (AFM). Two types of structures are observed: small spherical particles, Ϸ30 nm in diameter, and larger NM granules, with an average diameter of Ϸ350 nm. The small particles were found in deposits of varying dimensions and were also seen on the surface of the larger granules, suggesting that these are aggregates of such smaller structures. In, Fig. 1 , an SEM image shows aggregated NM granules. The Ϸ350-nm NM granules were rarely observed in isolation and appeared to have substructure that could not be adequately resolved by the electron microscope. We used AFM imaging to observe this substructure. AFM confirmed the SEM results but provided spatially resolved images from which the substructure of the NM granule could be seen (Fig. 2) . The Ϸ350-nm granules, as well as aggregated NM deposits, appear to be comprised of the Ϸ30-nm-diameter entities. Such building blocks for pigments have been previously reported for many natural melanins, including human hair melanosomes, bovine and human eye melanosomes, and Sepia granules. Fig. 2 shows the height and phase AFM images resolving the NM substructure, measured as 30 Ϯ 10 nm in diameter.
Threshold Photoionization Potentials from UV FEL-PEEM. Wavelength-dependent PEEM images of isolated NM from the SN region of the human midbrain deposited on a silicon substrate were collected by using a tunable UV FEL light source. Fig. 3 A and B shows PEEM images of isolated Ϸ350-nm granules and larger deposits of NM pigment. The integrated intensity (S) of the PEEM images was determined as a function of excitation wavelength for isolated granules and various regions within larger NM deposits. Fig. 3C shows data for an isolated granule, and the best fit of Eq. 1 gives an ionization threshold of Ϸ4.5 Ϯ 0.2 eV. The threshold potential is independent of whether individual granules, large pigment deposits, or small regions within a pigment deposit are probed.
Discussion
The AFM, SEM, and PEEM images demonstrate that the SN NM pigment is stable and retains consistent morphology under the diverse experimental conditions. The AFM data are collected under ambient conditions, whereas the SEM and PEEM data on the dried NM pigment is collected under high vacuum. Therefore, the measured threshold photoionization potential is referenced to the vacuum level. This value is linearly related to the electrochemical oxidation potential; the potential of an electron at rest in a vacuum corresponds to Ϫ4.44 V vs. NHE (34) . Accordingly, the determined threshold potential of 4.5 Ϯ 0.2 eV for NM corresponds to an electrochemical oxidation potential of Ϫ0.1 Ϯ 0.2 V vs. NHE. It is important to stress that the data are completely described by a single threshold potential and that the value is within experimental error of that measured for black human hair eumelanosomes, Ϫ0.2 Ϯ 0.2 V vs. NHE (33) . It is interesting to contrast this result to that for human hair pheomelanosomes, which exhibit two potentials, Ϫ0.2 Ϯ 0.2 V and ϩ0.5 Ϯ 0.2 V vs. NHE. Chemical analysis shows these melanosomes to contain both eumelanin and pheomelanin. The Ϫ0.2 Ϯ 0.2 V and ϩ0.5 Ϯ 0.2 V potentials are therefore ascribed to eumelanin and pheomelanin, respectively, and the values themselves affirm that pheomelanin is more reductive than eumelanin.
It is interesting to note that the chemical analyses of NM and human hair pheomelanosomes are similar in that both contain appreciable amounts of both eumelanin and pheomelanin. Specifically in the case of NM, cysteinyl-dopamine, the precursor of pheomelanin constituents, accounts for Ϸ25% of the melanic component of NM (18, 19) . However, in contrast to the human hair pheomelanosome data, only a single threshold potential is found for the NM pigment, which is characteristic of the black pigment eumelanin. In fact, the synthesis of melanin in hair melanosomes is tyrosinase-dependent, whereas NM synthesis is not, and the synthetic pathway of NM is quite unknown.
This result suggests that pheomelanin molecules are not on or near (within a few nanometers) the surface of the NM granule. This is true for both the isolated granular structures, Ϸ350 nm in diameter, and the large aggregated deposits composed of Ϸ30-nm substructures. These results are self-consistent because the Ϸ350-nm granules are also aggregates of these smaller Ϸ30-nm constituents.
This result is of interest in terms of the melanogenesis of the Ϸ30-nm structures of NM. Several in vitro kinetic studies establish that the addition of cysteine to dopaquinone is kinetically favored over eumelanogenesis as long as the cysteine concentration is Ͼ1 M (22-27) . This process is further favored by the fact that dopaminequinone cyclizes Ϸ100-fold more slowly than does dopaquinone (15, 24) . The production of eumelanin competes with the production of pheomelanin once the cysteine and 5-S-cysteinyldopa concentrations are sufficiently low. If the Ϸ30-nm structures are the products of the melanogenesis process, then these kinetic arguments would suggest that 5-Scysteinyl-dopamine products form the core, or center, of the structure and that eumelanin encapsulates this core, giving rise to a final pigment that is approximately a 3:1 eumelanin͞ pheomelanin mixture. This type of molecular architecture for mixed melanins has been previously proposed based on biochemical studies of mixed melanogenesis and solubility properties of synthetic model systems (35, 36) . This model for the structure is consistent with the measured surface oxidation potential, which only reflects the presence of eumelanin. The mechanism by which the Ϸ30-nm structures assemble into larger pigment granules is not known. Also, in cultures we showed that midbrain dopaminergic neurons produce the first NM granules 8-11 days after L-DOPA treatment (17) .
It is not possible at this time to assign the electrochemical potential to a specific chemical species on the surface of NM because the molecular structure of these pigments remains to be determined. Several other molecular constituents in addition to melanin are found in NM, e.g., proteins, lipids, and metal ions (3). The electrochemical potential determined by the PEEM experiment is attributed to the pigment and not to these other constituents. Lipids and proteins have ionization thresholds in excess of 5.0 eV based on control experiments. Also, using Sepia granules, the surface potential is independent of Fe(III) concentration up to saturation and remains unchanged after treatment with EDTA, in which all metals are removed (37) .
From a thermodynamic perspective, an oxidation potential of Ϫ0.2 V vs. NHE for the surface of NM is not sufficiently reductive to generate a high level of oxidative stress. Therefore, NM's surface electrochemical potential is less reductive than might be anticipated given NM's complicated but unresolved role in the selective loss of pigmented neurons of the SN associated with PD. NM can be oxidized and degraded by H 2 O 2 (18) , and this process likely occurs also in the human brain during PD, where an extensive depletion of NM occurs after neuronal death. Degradation may also result in exposure of the pheomelanic core. The oxidation potential of pheomelanosomes is ϩ0.5 V vs. NHE (33) , which is sufficient so that the reduction of oxygen is thermodynamically favorable. In fact, synthetic pheomelanins can reduce oxygen in the absence of light, a feature that was not observed with eumelanins (38) . Further research on the role of NM in oxidative stress in SN neurons would help in gaining insight into the underlying mechanisms that govern the progression of PD.
Methods
Isolation of Human NM. NM was isolated from the SN pars compacta region of the human midbrain of neurologically normal adult individuals as described in ref. 4 . Briefly, the dissection of the SN from the frozen human midbrain was performed on a cold plate at Ϫ10°C within 36 h of death and was homogenized in distilled H 2 O (0.03 g͞ml) in a glass-Teflon homogenizer, followed by centrifugation at 12,000 ϫ g for 10 min. The resulting pellet was washed twice with 50 mM phosphate buffer (pH 7.4), incubated in 50 mM Tris buffer (pH 7.4) containing 0.5 mg͞ml SDS at 37°C for 3 h, and incubated for another 3 h at 37°C in the same buffer containing 0.2 mg͞ml proteinase K. The resulting pellet was washed twice with NaCl (9 mg͞ml), three times with distilled water, and once each with methanol (2 ml) and hexane (1 ml). Finally, it was dried under vacuum and stored protected from light. The procedure described herein is the same used in a previous study on the characterization of pheomelanin and eumelanin content in NM (18) . Reproducibility of pheomelanin and eumelanin composition for the granules 
Sample Preparation. Isolated SN NM was stored in a dessicator and protected from light. Samples for PEEM analysis were prepared as follows. Sections of (100)-oriented silicon wafers [N-type, P-doped, low resistivity of 0.005-0.01 ⍀-cm, (Virginia Semiconductor, Fredericksburg, VA)] were cut into 9 ϫ 9 mm squares by using a diamond-tipped knife and were cleaned by the standard (RCA) wet chemical procedure before deposition of NM on the surface (39) . The hydrofluoric acid step was not included in our preparation because we desired a thin oxide layer for optimal sample deposition; therefore, this procedure results in a surface terminated with an Ϸ1-nm-thick silicon oxide layer. All chemicals for the silicon wafer RCA cleaning procedure (1 M HCl, 30% H 2 O 2 , 30% NH 4 OH, and 18 M H 2 SO 4 ) were purchased from Fisher Chemical (Fairlawn, NJ) and were of the highest purity available. The wafers were dried over lens paper in a sterile Petri dish while flowing argon gas over them. NM samples were subsequently deposited onto the hydrophilic surface of the freshly RCA-cleaned silicon wafer by micropipetting 0.5 l of a NM suspension in distilled water (Ͼ18.2 M⍀) obtained from a Simplicity system (Millipore, Billerica, MA). Samples were air-dried while being protected from light for Ͻ1 h before experimentation. This preparatory process was repeated immediately before each new experiment.
Photoelectron Emission Microscopy. The Duke OK-4 UV FEL and PEEM are described in detail in ref. 40 . We detected the photoelectron emission intensity of our NM samples within the spectral range of 248-413 nm (5.0-3.0 eV), using the spontaneous-emission mode of the FEL with an energy full width at half maximum of Ϯ0.1 eV. All PEEM images were acquired by using a DVC-1312M digital camera (DVC Company, Austin, TX). The resolution of the digital camera is 1,300 ϫ 1,030 pixels ϫ 12 bits. The DVCView program was used to view͞save images. After sample preparation (as described above), samples were always immediately transferred under ultrahigh vacuum into the PEEM chamber for the collection of data, with minimal exposure to UV radiation. We typically imaged large NM aggregates at fields of view in the PEEM of 150 m, and smaller NM assemblies were imaged at a field of view of 5 or 1.5 m. The focusing of the FEL was optimized for each wavelength used, and the FEL spot size on the sample was Ϸ30 ϫ 100 m.
Image Analysis. Details of the methods of PEEM image analysis were published recently by us (32) . In these experiments, the appropriate software gain values were chosen to avoid saturation of the images, and the wavelength-dependent integrated brightness was determined. Because this integrated brightness (S) also depends on the power at each wavelength, the incident power was measured at the input port of the PEEM and converted into a light fluence. However, the experimental setup limited the determination of light fluence to the input port only. Therefore, the wavelength-dependent data reveal relative, instead of absolute, photoionization quantum yields. The integrated brightness, S(), is taken to be proportional to the photocurrent collected and is corrected with the background as well as normalized for the software gain and the incident photon flux at each wavelength. Considering the temperature-related effects, S(), and the excitation energy, h, should satisfy the following equation (41):
where A is a proportionality constant, T is the temperature at which the experiments are conducted, k is the Boltzmann constant, is the photoionization threshold, and
All data were plotted as integrated intensity divided by temperature squared, S͞T 2 , as a function of relative energy, h͞kT, resulting in a linear relationship. The threshold was then determined by fitting the normalized data with Eq. 1 by using IGOR Pro software (WaveMetrics, Lake Oswego, OR).
Scanning Electron Microscopy. Samples were prepared for SEM by using the same procedure as that used for PEEM samples (as described above). Once prepared, the silicon wafers containing a dried NM film were mounted on stainless-steel pegs by using double-stick copper tape before being transferred to the SEM chamber. The mounted samples were coated with gold͞palladium mist under argon plasma for 4 min at 10 mA by using a Hummer V sputter coater (Anatech, Springfield, VA). A Philips FEI XL30 SEM-FEG (FEI, Portland, OR) equipped with a back-scattering secondary electron detector and a resolution of Ϸ3 nm was used to examine the samples in ultrahigh-resolution mode. The typical electron-beam conditions were 3-5 kV, with a spot size of 3.0 and a working distance of 4.0-6.0 mm. SEM images were captured and analyzed by using analySIS XL docu software (Soft Imaging Systems, Lakewood, CO). All images were saved as TIFF files.
Atomic Force Microscopy. NM samples in a double-distilled water suspension were pipetted (0.5 l) onto freshly cleaved mica and allowed to air dry in the dark. The instrument and method of imaging is described in detail in ref. 28 . Briefly, AFM height and phase images were collected by using a NanoScope IIIa BioScope AFM (Digital Instruments, Santa Barbara, CA) operated in tapping mode. The AFM head was mounted on a Zeiss (Thornwood, NY) Axiovert S100 TV inverted optical microscope allowing visual observation of the sample. 
